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Within two different frameworks of isospin-dependent transport model, effect of nuclear symmetry
energy at supradensities on the isospin-fractionation (IsoF) was investigated. With positive/negative
symmetry potential at supradensities (i.e., values of symmetry energy increase/decrease with density
above saturation density), for energetic nucleons, the value of neutron to proton ratio of free nu-
cleons is larger/smaller than that of bound nucleon fragments. Compared with extensively studied
quantitative observables of nuclear symmetry energy, the normal or abnormal isospin-fractionation
of energetic nucleons can be a qualitative probe of nuclear symmetry energy at supradensities.
PACS numbers: 25.70.-z, 21.65.Mn, 21.65.Ef
The symmetry energy, which governs phenomena from
the structure of exotic nuclei to astrophysical processes,
has many ramifications in both nuclear physics and astro-
physics [1–4] and also the study of Gravitational waves
[5]. Unfortunately, nowadays predictions on nuclear sym-
metry energy especially at supra-saturation densities are
significantly different for different many-body theory ap-
proaches [6].
Although nuclear symmetry energy and its slope at
normal density of nuclear matter from recent 28 analy-
ses of terrestrial nuclear laboratory experiments and as-
trophysical observations have been roughly pinned down
[7], recent interpretations of FOPI [8] and FOPI-LAND
[9, 10] data by different transport models give diver-
gent density-dependent symmetry energy at supraden-
sities [9–13]. Divergence is shown in figure 1. One sees
that the constraints from elliptic flow obtained by us-
ing different models (UrQMD and Tu¨bingen QMD, as
well as the newly updated version of UrQMD model, see
refs. [9, 10, 31]) are quite consistent among them, whereas
the three constraints from π−/π+ diverges [11–13]. In
fact the use of π−/π+ ratio to constraint nuclear symme-
try energy raises several doubts: Pion has large freeze-out
time, delta and pion scattering and re-absorption may
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destroy the high density signals [14]. Treatment of delta
dynamics and isospin-dependent pion in-medium effects
in transport models is not so straightforward [15–17]. Re-
cent work of MSU groups demonstrates that the ratio of
pions spectra is more sensitive than ratios of integrated
yields [18]. However, they did not distinguish pions mes-
senger of high density from the rest [19]. Moreover the
super-soft behavior of Xie et al [13] and Xiao et al [11]
is not fairly compatible with neutron star stability and
structure except introducing non-Newtonian gravity [20].
Putting π−/π+ ratio aside, based on two different
transport models we propose isospin-fractionation of en-
ergetic nucleons and fragments as a qualitative probe of
nuclear symmetry energy in heavy-ion collision at inter-
mediate energies. We find that with very soft symmetry
energy, abnormal isospin-fractionation in heavy-ion col-
lision at intermediate energies occurs, whereas with the
stiff symmetry energy normal isospin-fractionation is ob-
tained. If having kinetic energy distribution of free and
bound nucleons data from, e.g, central Au+Au reaction
at 400 MeV/nucleon (as done by FOPI-LAND Collabo-
ration [9, 10]), then one can qualitatively determine high-
density behavior of nuclear symmetry energy.
In our used IBUU04 model, besides isospin-dependent
initialization and pauli-blocking, an isospin- and
momentum-dependent mean-field potential is adopted,
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FIG. 1: Density dependent nuclear symmetry energy ex-
tracted from FOPI and FOPI-LAND data by different groups.
Xiao et al. made IBUU04 calculations and compared with
FOPI pion data [11]. Feng et al. made LQMD calculations
and also compared with FOPI pion data [12]. Russotto et al.
made UrQMD calculations and compared with FOPI-LAND
nucleon elliptic flow data [9]. Xie et al. made Boltzmann-
Langevin model calculations and compared with FOPI pion
data [13]. Cozma et al. made Tu¨bingen quantum molecu-
lar dynamics (QMD) model calculations and compared with
FOPI-LAND elliptic flow data [10].
i.e.,
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where δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry,
and ρn, ρp are the neutron (τ = 1/2) and the proton
(τ = −1/2) densities, respectively, and τ 6= τ
′
, σ = 4/3,
fτ (r,p) is the phase-space distribution function at coor-
dinate r and momentum p. The variable x is used to
mimic different forms of the symmetry energy/potential.
More details can be found in the recent paper [21]. In fact
within transport model, the kinetic part of the symme-
try energy is simulated by using different Fermi momenta
for neutrons and protons according to the local Thomas-
Fermi approximation while the potential part is taken
into account by using the symmetry potential. Uncer-
tainty of symmetry energy at supradensities thus comes
from the model-dependent symmetry potential. Shown
in Fig. 2 is nuclear symmetry potential/symmetry energy
used in the transport models (together with symmetry
potential/symmetry energy used in the UrQMD model).
In the IBUU04 model, we employed parameters x = −1.2
and x = 1 to represent the positive and the negative sym-
metry potentials at supradensities, respectively.
In our used isospin-dependent UrQMD transport
model, the potential is expressed as [22]
U = U
(2)
Sky + U
(3)
Sky + UY uk + UCou
+UPau + Umd + Usym. (2)
The symmetry potential energy density used in the
UrQMD transport model is
Wsym = (S0 −
ǫF
3
)ρ · F (u) · δ2, (3)
here S0= 32 MeV is the symmetry energy at the nor-
mal nuclear density ρ0. ǫF is the Fermi kinetic en-
ergy at normal nuclear density. u = ρ/ρ0 is the re-
duced nuclear density, and δ = (ρn − ρp)/(ρn + ρp) is
isospin asymmetry. The symmetry potential is given by
U
n(p)
sym = ∂Wsym/∂ρn(p). For the density dependent part
F (u), we use two forms [23]:
F (u) =
{
F1 = u
γ , γ > 0
F2 = u
a−u
a−1 , a > 1
. (4)
Here parameters γ and a are used to describe the density
dependence of symmetry potential. In figure 2, we choose
γ = 1.5 and a = 1.6 to describe positive and negative
symmetry potentials at supradensities, respectively. We
thus adopted roughly consistent forms for the positive or
negative symmetry potentials in the used two transport
models. As for the two-body scattering cross sections in
medium, we used the same in-medium corrected forms as
those in Ref. [21].
The isospin-fractionation (IsoF) during nuclear liquid-
gas phase transition in dilute asymmetric nuclear mat-
ter has been studied extensively [24–27]. It is a com-
mon phenomenon that gas phase is more neutron-rich
than liquid phase in dilute asymmetric nuclear matter
[3, 25, 28]. Here we theoretically confirmed an abnor-
mal phenomenon that the neutron to proton ratio of gas
phase becomes smaller than that of liquid phase for en-
ergetic nucleons under the action of negative symmetry
potential at supradensities.
With positive and negative symmetry potentials at
supradensities in the used IBUU04 transport model, we
first use a simple local density method to study gas-liquid
phase transition. Nucleons with local density less or
equal than ρ0/10 are considered as nuclear gas, with local
density larger than ρ0/10 are considered as nuclear liquid.
Shown in Fig. 3 is evolution of n/p ratios of nucleons with
local density smaller than ρ0/10 and larger than ρ0/10
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FIG. 2: Density dependent nuclear symmetry potential used in IBUU04 and isospin-dependent UrQMD models. The lines
labelled by different momenta (MD) are symmetry potentials used in the IBUU04 model. Symmetry potentials used in present
UrQMD model is momentum independent (MID). Left window shows positive potential while Right window shows negative
potential, which respectively correspond stiff and soft nuclear symmetry energies at supra-saturation densities.
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FIG. 3: Evolution of neutron to proton ratio of free and bound nucleons in the central 197Au+197Au reaction at a beam energy
of 400 MeV/A with positive (left) and negative (right) symmetry potentials at supra-saturation densities. Simulated with the
IBUU04 transport model (tmax= 40 fm/c).
from the central 197Au +197 Au reaction at a beam en-
ergy of 400 MeV/A under the action of positive and neg-
ative symmetry potentials at supra-saturation densities.
We can see that the n/p ratio of gas phase (ρ ≤ ρ0/10)
is larger than that of liquid phase (ρ > ρ0/10) for the
positive symmetry potential at supradensities. However,
for the negative symmetry potential at supradensities,
an opposite conclusion is obtained. The reason is that
the negative symmetry potential trends to attractive for
neutrons and repulsive for protons during IsoF. Whereas
for the positive symmetry potential, neutrons tend to be-
ing repelled by the symmetry potential and protons tend
to being attracted during IsoF. Thus we get normal and
abnormal gas-liquid phase transition with positive and
negative symmetry potentials as shown in Fig. 3.
In real nuclear experiments, one in fact gets free or
bound nucleons at final stage. We thus make more real-
istic predictions on gas-liquid phase transition, i.e., con-
sider A = 1 free nucleons as nuclear gas whereas A > 1
bound nucleons fragments as nuclear liquid. For the
IBUU04 model, we give free and bound nucleons frag-
ments analysis as that in Ref. [29]. Figure 4 shows
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FIG. 4: Neutron to proton ratio n/p of free and bound nucleons as a function of nucleon kinetic energy in the central
197Au +197 Au reaction at a beam energy of 400 MeV/A with positive (left) and negative (right) symmetry potentials at
supra-saturation densities. Simulated with the IBUU04 transport model (tmax= 40 fm/c).
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FIG. 5: Neutron to proton ratio n/p of free and bound nucleons as a function of nucleon kinetic energy in the central
197Au +197 Au reaction at a beam energy of 400 MeV/A with positive (left) and negative (right) symmetry potentials at
supra-saturation densities. Simulated with the UrQMD transport model (tmax= 100 fm/c).
nucleon kinetic energy dependence of the n/p ratios of
free (gas) and bound (liquid) nucleons in the central
197Au+197 Au reaction at a beam energy of 400 MeV/A
with positive (x = −1.2) and negative (x = 1) symmetry
potentials at supra-saturation densities simulated by the
IBUU04 transport model. From the left panel, we can
see that the value of n/p of nuclear gas phase (A = 1)
is larger than that of liquid phase (A > 1) in the whole
kinetic energy distribution region with the positive sym-
metry potential (x = −1.2). However, it is interesting to
find that the value of n/p of gas phase (A = 1) is smaller
than that of liquid phase (A > 1) at higher kinetic en-
ergies with the negative symmetry potential (x = 1) at
supradensities. This phenomenon in fact can be analyzed
and checked by FOPI-LAND Collaboration [9, 10].
To further confirm normal and abnormal IsoF at higher
energies as previously shown in figure 4, we used the
UrQMD (QMD-like model has advantage over many-
body correlation and thus frequently used to predict
cluster production in heavy-ion collisions [30]) transport
model do the same thing, which is shown in Fig. 5. Again
the same phenomenon occurs, i.e., at higher kinetic en-
5ergy region, the value of n/p ratio of gas phase (A = 1)
is becoming smaller than that of liquid phase (A > 1)
with the negative symmetry potential at supradensities.
One discrepancy is that the kinetic energy of transition
point with the UrQMD model is lower than that with the
IBUU04 model. In fact, the kinetic energy of transition
point with the UrQMD model is somewhat a parame-
ter (shown in Eq. (4)) dependent, but not sensitive to a
parameter. To check the reliability of UrQMD model’s
predictions, we made the same simulation but switching
off symmetry potential. As expected, without symmetry
potential the values of n/p ratio of gas phase (A = 1) is
almost the same as that of liquid phase (A > 1).
Comparing figure 4 with figure 5, with negative sym-
metry potential at supradensities, why at low energy re-
gion both IBUU04 and UrQMD give normal IsoF while
at energetic region both show abnormal IsoF? This is be-
cause emitted nucleons with lower energies mainly come
from low-density region of compressed nuclear matter
whereas nucleons with higher energies mainly come from
high-density region of compressed nuclear matter, which
are mainly affected by low-density and high-density be-
haviors of nuclear symmetry potential, respectively. As
shown in the right panel of figure 2, at low density re-
gion the value of symmetry potential is in fact positive
whereas at high density region it becomes negative. It
is the high-density behavior of nuclear symmetry poten-
tial who affects energetic nucleon emission during IsoF.
Therefore energetic nucleon emission reflects high-density
behavior of nuclear symmetry energy. The big advantage
of using this probe is that one just needs to qualitatively
confirm normal or abnormal isospin-fractionation of en-
ergetic nucleons experimentally. Compared with other
widely studied probes in the literature, this confirmation
in fact does not depend on specific numerical values of
simulation.
In summary, we provide a qualitative observable, i.e.,
Iso-fractionation for energies nucleons, to give quali-
tative determination on nuclear symmetry energy at
supra-saturation densities. With positive/negative sym-
metry potential (i.e., stiff/soft symmetry energy) at
supradensities, transport models give normal/abnormal
iso-fractionation for energetic nucleons. Future accurate
experimental measurements (as done by FOPI-LAND
Collaboration) can qualitatively pin down high-density
behavior of nuclear symmetry energy by normal or ab-
normal Iso-fractionation of energetic nucleons.
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